Traumatic brain injury (TBI) causes cell death predominantly in the cerebral cortex, but there is additional secondary cell death in the hippocampus. We previously found that most of the dying cells in the mouse hippocampus are newborn immature granular neurons in a mouse model of lateral controlled cortical impact (CCI) injury with a moderate level of impact. It is not known how long this selective cell death in the hippocampal dentate gyrus lasts, and how it is induced. Using Fluoro-Jade B and immunohistochemistry, we show that most of the neuron death in the hippocampus occurs within 24 hours after TBI and that cell death continues at low level for at least another 2 weeks in this lateral CCI model. Most of the dying immature granular neurons did not exhibit morphologic characteristics of apoptosis, and only a small subpopulation of the dying cells was positive for apoptotic markers. In contrast, most of the dying cells coexpressed the receptor-interacting protein 1, a marker of necrosis, suggesting that immature neurons mainly died of necrosis. These results indicate that moderate TBI mainly triggers rapid necrotic death of immature neurons in the hippocampus in a mouse CCI model.
INTRODUCTION
Traumatic brain injury (TBI) is a leading cause of death and disability in children and young adults (1, 2) . Various experimental TBI models, including controlled cortical impact (CCI) injury (3Y7), fluid percussion (8, 9) , and stretch injury (10, 11) , have shown that TBI induces cell death in the hippocampus. Thus, the hippocampus is one of the most vulnerable brain areas after TBI in both humans and animals (12) . Secondary injury to the hippocampus after TBI correlates with impairment of major cognitive functions and the development of seizures (13) . Hippocampal-associated learning and memory impairment is one of the most significant residual deficits after TBI and is one of the most frequent patient symptoms (14Y16). In part, because of a lack of understanding of the cellular and molecular mechanisms that lead to secondary cell death, there are currently no US Food and Drug AdministrationYapproved treatments available to prevent hippocampal cell death after TBI. Thus, a detailed profile of TBI-induced neuronal injury in the hippocampus, including the time course and mechanism of cell death may suggest potential therapeutic targets and a therapeutic window for treatment.
The distribution and degree of cell death in the hippocampus varies among TBI animal models (17, 18) , different injury severities (6, 19, 20) and age of the animals used (21) . For adult mice, we have recently shown that, when the CCI model is used and the animals are subjected to a moderate level of injury, most of the dying hippocampal cells are largely found in the hippocampal dentate gyrus, where neural stem cells that produce new neurons throughout life reside. Most of the dying cells in the hippocampal dentate gyrus were found to be newborn immature granular neurons that express the neural cell adhesion molecule (NCAM), but not NeuN, a marker for mature neurons (22) . The death of immature neurons can compromise neurogenesis in the hippocampus (22, 23) and contribute to learning and memory impairment after TBI (24) .
Excitotoxicity may cause cell death via either apoptosis or necrosis, depending on the intensity of the initiating stimulus and the characteristics of the cell population (25Y27). To determine the best time window to facilitate a therapeutic approach that targets immature neuron death in the hippocampus after TBI, we assessed time course of cell death and determine the mechanisms of cell death using the apoptotic markers caspase-3, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining and immunostaining with an antibody against receptor-interacting protein 1 (RIP-1), which has been shown to play critical role in necrotic cell death (28Y33).
procedures were performed under protocols approved by Indiana University's Animal Care and Use Committee.
CCI Traumatic Brain Injury
Male mice, 8 to 11 weeks old, were subjected to unilateral moderate lateral CCI injury, as previously described (34Y36), with the following exceptions: the depth of deformation was set at 1.0 mm and the piston velocity was controlled at 3.0 m/s. These modifications result in a moderate level of injury using an electromagnetic model (37) . Briefly, the mice were anesthetized with Avertin and placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA) before TBI. Using sterile procedures, the skin was retracted, and a 4-mm craniotomy centered between the lambda and bregma sutures was performed. A point was identified midway between the lambda and bregma sutures and laterally midway between the central suture and the temporalis muscle. The skullcap was carefully removed without disruption of the underlying dura. Before the injury, the impacting tip with a diameter of 3 mm was angled perpendicularly to the exposed cortical surface. Sham (noninjured) animals were subjected only to craniotomy, but not CCI injury. The core body temperature of the animals was maintained at 36 to 37-C during all surgical procedures and throughout the recovery phase.
Tissue Processing
At 4, 24, 48, and 72 hours and on Days 7 and 14 after TBI surgery, the animals (n = 6 per group) were deeply anesthetized with an overdose of Avertin and then perfused transcardially with 0.9% saline, followed by an ice-cold fixative containing 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The brains were removed and fixed overnight in PFA, then cryoprotected for 48 hours in 30% sucrose. Serial coronal sections (30 Km thick) were cut using a cryostat (Microm HM 500 M) and stored at j20-C. The sections were then processed for FJB staining and immunohistochemistry.
FJB Staining
Staining was carried out as previously described (38) . Briefly, the sections were incubated for 20 minutes in a solution of 0.06% KMnO 4 and then rinsed for 5 minutes in distilled water. They were then incubated for 20 minutes in a 0.0004% solution of FJB (Histo-Chem, Inc, Jefferson, AR), counterstained for 5 minutes with 4 ¶,6-diamidino-2-phenylindole (DAPI; Sigma, St Louis, MO), followed by rinsing in distilled water, and overnight air drying. The dry slides were mounted with DPX (Fluka-Sigma).
Combined FJB/Immunostaining Analysis
All sections were rinsed 3 times in PBS and then incubated for 1 hour at room temperature in blocking solution (0.1% Triton X-100, 1% bovine serum albumin, 5% normal goat serum in PBS), followed by overnight incubation at 4-C with primary antibodies. Sections were then washed 3 times with PBS and incubated for 1 hour at room temperature with secondary antibody. After counterstaining with DAPI for 2 minutes, the sections were washed 3 times with PBS. Finally, they were mounted on slides, rinsed with distilled water (5 minutes 
TUNEL Assay
TUNEL assays were performed using a commercial kit (In Situ Cell Death Detection Kit, TMR Red; Roche Diagnostics, Mannheim, Germany). Briefly, tissue sections were fixed for 20 minutes at 25-C with 4% PFA in PBS, pH 7.4, followed by washing with PBS (30 minutes), and incubation (30 minutes on ice, 2Y8-C) with permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate, freshly prepared). All sections were then incubated with TUNEL reaction mixture (60 minutes at 37-C, in the dark). Positive control sections were pretreated for 10 minutes with DNase I (10 U/mL in 50 mmol/L Tris-HCl, pH 7.5, with 1 mg/ml bovine serum albumin; Roche Diagnostics) at 25-C before application of the TUNEL reaction mixture. The sections were then counterstained with DAPI, rinsed with PBS, and then mounted on slides.
Microscopy
All sections were analyzed by fluorescence microscopy at 10Â to 63Â primary magnification with an inverted microscopy system (Zeiss Axiovert 200 M) interfaced with a computercontrolled Zeiss Axio Cam MRc5 digital camera (both from Carl Zeiss MicroImaging, Inc, Thornwood, NY). Images were captured with Zeiss imaging software (AxioVision, v4.0), and assembled and labeled in Photoshop 7.0 (Adobe Systems; Adobe Systems, Inc, San Jose, CA).
Quantification
We first quantified the number of FJB-positive cells in the entire hippocampus and in the different subregions of the hippocampus in each animal in 3 epicenter sections 180 Km apart. The anatomic boundaries of hippocampus and each hippocampal subregion (CA1 and CA3, granular cell layer [GCL], molecular layer [ML], hilus) were identified as described by Amaral and Witter (39) . The total number of FJB-positive cells in the entire hippocampus and the numbers of FJB-positive cells in each subregion were determined using a 40Â objective. Counterstaining with DAPI allowed us to exclude cell fragments and cell debris in the counts. The percentages of FJBpositive cells in each subregion were calculated.
We then determined the density of FJB-positive cells in the GCL across the entire hippocampus in 1 of every 6 sections across the entire hippocampal formation (from bregma j0.94 to j3.80 mm). The total number of FJB-positive neurons in the GCL was determined in a double-blinded quantitative histologic analysis using a 40Â objective. The GCL area (Km 2 ) was measured using the imaging software and densities of FJBpositive cells in the each GCL were calculated using the cell count divided by section GCL volume. Neural cell adhesion moleculeYpositive newborn neurons, NeuN-positive mature neurons, and RIP-1Ypositive necrotic cells were counted under a fluorescent microscope and percentages of double-positive populations calculated.
Statistical Analysis
All data are presented as mean T SEM and analyzed using either Student t test (22, 23) or 1-way analysis of variance followed by post hoc comparison of the Dunnett T3 test when the homogeneity of the variances was unequal. The significance level was set at p G 0.05.
RESULTS

Spatial Distribution of Secondary Neuronal Death in the Hippocampus After Moderate CCI Injury
It has previously been shown that the hippocampus is particularly vulnerable to TBI and that this may contribute to subsequent cognitive impairment (12, 40) . Using FJB staining (41, 42), we identified dying neurons in the hippocampal epicenter 24 hours after moderate CCI injury (n = 7); there were dying neurons in the ipsilateral hippocampus (Fig. 1A) and in the neocortex around the lesion (Fig. 1A, inset) . The average number of FJB-positive cells in the hippocampus of each epicentral section was 359 T 21. No FJB-positive cells were seen in the contralateral hippocampus or the cortex (not shown). Higher magnification showed that FJB stained the cell bodies and processes of the dying neurons (Figs. 1BYD) . Cells positive for FJB were predominantly located in the dentate gyrus (Figs. 1AYD) . Because the different regions of the hippocampus are composed of different types of cells that may exhibit varying susceptibilities to traumatic insults (9, 43), we further assessed the distribution of FJB-positive cells in the subregions at 24 hours after TBI. In the GCL, 291 T 19 FJB-positive cells were counted. This represented 80.9% of the dying neurons in the hippocampus overall, whereas there were 0.15 % in CA1, 11.42% in CA3, 5.04% in the hilus, and 1.65% in the molecular layer (ML) (Fig. 1E) . Thus, neuronal death in the hippocampus predominantly occurred in the GCL at 24 hours after moderate TBI.
At 3 days after TBI, the total number of FJB-positive cells in the hippocampal epicenter was significantly reduced to 55 T 3 cells per section. The distribution of FJB-positive cells was 83.02% in the GCL, 2.37% in CA1, 12.80% in CA3, 0.84% in the hilus, and 0.96% in ML (Fig. 1F) . To assess rostral and caudal distribution patterns, we quantified the density of FJB-positive cells in the GCL at the epicenter as well as rostrally and caudally to it. The highest density of dead cells was found in the epicenter; from there, it gradually decreased rostrally and caudally (Fig. 1G ).
Temporal Profile of Neuronal Death in the GCL After TBI
Because previous studies suggested that cell death in the hippocampus may last for approximately 2 weeks after TBI (Fig. 2) . The average number of dying neurons in each section was less than 2 after 14 days. Thus, neuronal death in the hippocampal dentate gyrus occurs very rapidly and mainly within 24 hours after TBI.
Immature Newborn Neurons are Persistently Vulnerable to TBI
The GCL contains immature and mature granular neurons that might respond differently to an insult at different times after trauma. Indeed, we previously showed that immature neurons are the cells most vulnerable to TBI and start to die within 4 hours after injury (20) . To determine whether immature granular neurons are persistently vulnerable at a later time point, we determined the type of GCL cells that were dying at 4 hours and 7 days after TBI (n = 6 for each group) using a combination of FJB and immunostaining with the cell typespecific markers NCAM for immature neurons and NeuN for mature neurons (47) . As expected, NeuN-positive mature granular neurons were located across most of the GCL (Fig. 3A) , whereas NCAM-positive immature granular neurons were found in the inner one third of the GCL (Fig. 3D) . Most FJBpositive cells were located in the inner one third of the GCL (Figs. 3A, B, D, E) , where most of the newborn immature granular neurons are located (48) . Higher-resolution and 3-dimensional reconstruction imaging showed that 40.15% of FJB-positive cells could be costained with either NeuN or NCAM antibodies. At later stages, the FJB-positive cells could not be stained by either antibody. Among colabeled cells, only 4.96% colocalized with NeuN (Figs. 3B, C) , whereas 35.19% colocalized with NCAM (Figs. 3E, F) , which represented 88% of the colabeled FJB-positive cells. Thus, in agreement with our previous report (22) , most of the dying cells in the GCL at 24 hours after TBI are immature granular neurons (Fig. 3M) .
At 7 days after TBI, the number of FJB-positive cells in the GCL was visibly reduced (Figs. 3G, J) . Higher-resolution images (Figs. 3H, K) and 3-dimensional reconstruction (Figs. 3I, L) showed that most of the FJB-positive cells did not colocalize with NeuN but with NCAM-positive cells. Thus, at 7 days after TBI, most of the dying cells in the GCL are immature granular neurons.
Hippocampal Neurons Predominantly Die of Necrosis After Moderate TBI
To further characterize the dying immature neurons, we used 2 recognized hallmarks of apoptosis, the cleaved active form of caspase-3 and DNA fragmentation, after sham surgery and at multiple time points after trauma (4 hours, 24 hours, 3 days, and 7 days after TBI; n = 6 in each group). We observed a very small number (258 T 64/mm 3 ) caspase-3Ypositive cells in the GCL of sham-treated mice (Figs. 4A, B) . The density of caspase-3Ypositive cells in the GCL did not change significantly at 4 hours after injury (326 T 57/mm (Figs. 4E, F) . These apoptotic cells represented 6% of the dying FJB-labeled cells. Furthermore, most of the caspase-3Ypositive cells were located in the (Fig. 5) , indicating that the immature granular neurons in the GCL predominantly do not undergo apoptosis.
Necrotic cell death is characterized by increased cell volume with organelle swelling and plasma membrane rupture and has been considered to be an uncontrolled form of cell death (49) . However, there is increasing evidence that the execution of necrotic cell death may be finely regulated by signal transduction pathways and catabolic mechanisms (50, 51) . Because RIP-1 phosphorylation is a marker of necrotic cell death (49), we assessed RIP-1 expression in granule cells 24 hours after injury. We did not observe FJB or RIP-1 in the contralateral hippocampal GCL (Figs. 6A, C, E) but detected abundant FJB-positive granule cells and RIP-1 expression in the ipsilateral dentate gyrus (Figs. 6B, D) . The merged image in Figure 6 shows colocalization of FJB-positive cells with the RIP-1 signal. In addition, 3-dimensional reconstruction under high amplification indicated that FJB-positive cells expressed high levels of RIP-1 (Figs. 6GYJ) . Quantification revealed that 78.6% T 5.1% of FJB-positive cells coexpressed RIP-1, suggesting that a high percentage of the cells died of necrosis.
DISCUSSION
Persistent memory dysfunction is associated with hippocampal neuron loss after experimental TBI (24, 52Y54). We show that most cell death in the hippocampal GCL peaks at 24 hours and persists up to 14 days after TBI in a lateral CCI mouse model.
Previous studies suggest that CCI-TBI causes long-term secondary injuries after the immediate primary impact on the brain (3, 46) . Silver staining of degenerating neurons has shown that the area of the brain affected by secondary injury is extensive and long-lasting (3). Although silver staining allows one to outline the areas of neuron degeneration, accurate cell counting and immunostaining of other markers remains difficult (44) . The patterns of dying neurons we observed using FJB are quite consistent with those detected using silver techniques. Because at the peak injury time point of 24 hours after TBI, most dying neurons were in the GCL, the cells in this region seem to be more vulnerable to TBI insult than cells in other subregions in the hippocampus; however, this may reflect the high density of cells in the GCL (55) .
The cell death peak within 24 hours after injury is followed by secondary injury. Interestingly, after the early peak of neuronal degeneration, the density of FJB-positive cells remained at a relatively constant level for several days. This suggests that the therapeutic time window to target neuronal death in the hippocampus would be very narrow, that is, not later than 24 hours after injury.
The mechanisms of hippocampal neuron vulnerability to TBI are not understood. In rodents and primates, including humans, the hippocampus can support neurogenesis throughout life (56Y60). New neurons are continuously generated from neural stem/progenitor cells in the subgranular zone of the dentate gyrus (61, 62) . Thus, there are both immature and mature neurons in this area. We previously found that most of the dying cells in the hippocampal dentate gyrus in the acute phase after TBI are 2-to 3-week-old newborn immature granular neurons (22) . In the present study, we found the ratio of immature to mature degenerating neurons was consistently higher at both acute (4 hours) and subacute (7 days) after injury time points. This indicates that immature neurons are the major hippocampal neuron population vulnerable to TBI and suggest that immature neurons are potential therapeutic targets.
It is currently not known why immature neurons are so vulnerable to TBI. Recent studies of newborn neurons in the dentate gyrus show that they are electrophysiologically distinct from mature granular neurons in the dentate gyrus (63Y68). Newborn immature neurons can be more easily excited than mature neurons due to their unique ion channel expression (69Y71). It will be interesting to determine whether newborn neurons display exaggerated excitotoxic responses to neurotransmitters released by the damaged neurons after TBI because of this expression.
Calcium influxYmediated excitotoxicity has been considered a major cause of neuron death when neurons are challenged after TBI with the excitatory amino acid glutamate (72Y74). Excitotoxicity seemingly overlaps with other types of cell death such as apoptosis and necrosis depending on the intensity of the initiating stimulus (75Y77). The molecular mechanisms underlying secondary neuronal death in the cortex are complex, overlapping, and temporally variable (78) . Triggers of secondary TBI (e.g. glutamate-mediated excitotoxicity) can cause both massive necrosis and apoptosis in the cortex (79) . In the present study, FJB staining of degenerating neurons in the hippocampus revealed spindle-shaped cell bodies with clear dendritic processes that did not exhibit the typical nuclear condensation of apoptosis, which suggests that most of them did not undergo apoptotic cell death. Moreover, we assessed cell death by immunostaining with antibodies against caspase-3 or using TUNEL staining and found that, although numbers of caspase-3Ypositive cells were transiently increased in the hippocampal dentate gyrus during the period of 4 to 24 hours, the density of caspase-3Ypositive cells was much less than the density of the dying FJB-positive cells in the GCL. Even taking into consideration that caspase-3 and TUNEL staining may only label certain stages of apoptotic cell death cell, our data still suggest that only a small portion of the cells in the GCL had apoptotic cell death in this model.
Dying FJB-positive neurons in the GCL coexpressed RIP-1, a marker for a subtype of necrotic cell death. Receptorinteracting protein 1 has been shown to play a critical role in necrotic cell death induced by death domain (80Y83) and Tolllike receptors (84Y86). The upregulated expression of RIP-1 in the hippocampus suggests the presence of necrosis. Moreover, necrostatin-1, an inhibitor that targets RIP-1, has been shown to exert neuroprotective functions and to shield neurons from cell death after CCI-TBI (87) . This supports our contention that immature hippocampal neurons mainly die of necrosis and not apoptosis after TBI with a moderate level of impact. When animals are subjected to a higher level of impact to increase the severity of the injury, the numbers of caspase-3Y (88, 89) and TUNEL-positive cells (89Y91) in the GCL dramatically increase. Thus, numbers of apoptotic cells in the GCL also vary depending on the severity of the injury.
In conclusion, this study provides a quantitative assessment of the changes occurring in the hippocampus after TBI. In particular, we show that moderate TBI triggers rapid necrotic death of immature neurons in the hippocampus. These results suggest that the development of therapeutic approaches should focus on preventing cell death in the hippocampus, in particular the necrotic death of immature neurons. The optimal window for therapeutic intervention seems to be within 24 hours after injury.
